The effects of doping level, illumination intensity and temperature on the regeneration kinetics and dynamics of BO defects in compensated n-Si have been investigated. The regeneration rate, corrected with interstitial oxygen concentration and average injection level, is almost constant in n-type samples with different doping levels under the same regeneration condition. It is proportional to the average injection level during regeneration when the doping level and temperature are fixed. In comparison with previous studies using n-type silicon, the regeneration completeness is significantly improved, especially in samples with net doping levels higher than 1 × 10 16 cm −3
Introduction
The Boron-Oxygen-related (BO) defect, which causes the degradation of carrier lifetime of B-doped Czochralski (Cz) silicon materials under carrier injection, has been intensively studied in the past decades [1] [2] [3] [4] [5] [6] [7] [8] . It has been shown that this defect can be permanently deactivated (regenerated) by annealing at elevated temperatures with carrier injection from illumination or an applied bias [6] [7] [8] [9] [10] [11] . In p-type silicon (p-Si), a complete elimination of the defects can be achieved within seconds by applying high illumination intensities [12] [13] [14] .
Conventional n-type Cz material grown using the Siemens process is free from BO related degradation due to the absence of boron dopants. However, for upgraded metallurgical grade (UMG) n-type silicon purified using alternative pathways, the compensated nature of the material with the presence of both boron and phosphorus dopants in the silicon means that it is also susceptible to BO degradation [6, [15] [16] [17] [18] [19] [20] . The defect in n-type silicon (n-Si) is also of both research and industrial interest. Comparisons of the same defect properties in both n-and p-Si have helped to improve the fundamental understanding of the defect significantly [16, 17, [21] [22] [23] [24] . The potential of low-cost n-type upgraded metallurgical-grade (UMG) Cz silicon materials for high-efficiency solar cells has been demonstrated in multiple studies, with efficiencies above 20% reported [25] [26] [27] [28] . However, the susceptibility to BO defects remains a disadvantage of such materials [26, 29] .
Several previous studies have attempted the regeneration of BO defects in n-Si. However, they have reported less consistent results in comparison to that for studies investigating p-Si. In Ref. [4] , the recovered lifetime after illuminated annealing was observed to be unstable during subsequent light soaking. It was discussed in Ref. [30] that the unstable lifetime was due to the fact that a significant fraction of the defects were annealed instead of regenerated during the illuminated annealing. Complete regeneration of BO defects in an n-type sample with a doping level n 0 = 1.5 × 10 16 cm −3 was reported in Ref.
[31], however, the long-time stability of the regeneration was not confirmed. In Ref. [30] , n-type samples with various doping levels were regenerated and the long-time stability test was conducted. The completeness of regeneration was 80-90% in samples with net doping levels in the range of 10 15 -10 16 cm −3 . However, this was reduced to 50% and below in the two samples with n 0 > 1 × 10 16 cm
. Recently we have demonstrated complete regeneration in n-type UMG Cz silicon heterojunction solar cells with n 0 = 1 × 10 15 cm −3 and 7 × 10 15 cm −3 [32] .
A more detailed study on how the regeneration is affected by the processing parameters and sample doping levels will be valuable. In this study, we examine the effects of three parameters 1) doping level, 2) illumination intensity I, and 3) temperature T, on the regeneration of BO defects in compensated n-Si, to determine if the completeness can be further improved from those values in the literature. We measure and analyse both the regeneration kinetics and https://doi.org/10.1016/j.solmat.2019.03.016 Received 31 October 2018; Received in revised form 12 February 2019; Accepted 6 March 2019 dynamics (the defect state occupation under final steady-state conditions) to gain deeper understanding of the state transitions of the defect during the regeneration in compensated n-Si.
Experimental methods
The samples were from different solidified fractions, g, of a B-and Pdoped compensated Cz ingot grown with electronic-grade feedstock. Table 1 . The segregation coefficients of B and P were taken as 0.75 and 0.41, respectively, as determined in Ref. [18] . The [B] and [P] in some of the samples were measured by secondary ion mass spectrometry (SIMS), and the net doping was measured by electrochemical capacitance voltage (ECV) measurements [18] , as also shown in Table 1 . The net doping levels of other samples were interpolated based on both SIMS and ECV results. Note that as confirmed by SIMS and ECV measurements, only the sample from g = 0.05 is p-type. All other samples are n-type. A more detailed analysis of the doping levels of the samples can be found in Ref. [18] . The interstitial oxygen concentrations ([O i ]) in the samples shown in Table 1 were determined by Fourier Transform Infrared (FT-IR) spectrophotometry [16] . The samples were saw damage etched with tetramethylammonium hydroxide (TMAH) solution, and then went through a phosphorus gettering process at 785°C for 0.5 h, to remove fast diffusing metallic impurities. After removing the diffused layers, Plasma-Enhanced Chemical Vapour Deposited (PECVD) hydrogenated silicon nitride (SiN x :H) films were deposited on both sides of the samples as surface passivation in a Roth and Rau AK400 chamber. The temperature during the deposition was about 250°C, measured on the samples. The deposition time was 3 min. The thickness of the SiN x :H film on each side of the sample was about 80 nm. The refractive index of the film is 1.99 for the wavelength of 632.8 nm. To accelerate the regeneration process [33] , an intentional firing step at 600°C for 5 s, with a 30°C/s ramp up rate, and average ramp down rate of approximately 14°C/s, was performed on all the coated samples in a Rapid Thermal Processor (RTP). The temperature was measured on the sample. The processing parameters of the firing step were previously optimised for this SiN x film, based on the hydrogenation effects of grain boundaries in multicrystalline wafers [34] . Subsequently, the SiN x :H films were removed in dilute hydrofluoric (HF) acid solution. Then, the samples were recleaned and re-passivated with the same SiN x :H films for subsequent measurements. Several non-compensated n-type Cz wafers with [P] = 5 × 10 15 cm −3 were also included in the study as control wafers.
They went through the same firing step with SiN x :H films, and were also re-passivated with the same fresh SiN x :H films. The lifetime measurements were conducted ex-situ with a Sinton Instruments WCT-120 Quasi-Steady-State Photo-Conductance (QSSPC) lifetime tester. The mobility model in Ref. [35] was used to estimate the carrier mobility in compensated silicon. The lifetime values in the following discussion are reported at an injection level of Δn = 0.3n 0 (or 0.3p 0 for the p-type sample) [20, 30] .
The three-state model of the BO defect is shown in Fig. 1 , based on Ref. [10, 14] . We describe the following processing and measurements based on this model. First, the background lifetime τ background was measured when all the BO defects in the inactive State A, achieved by a dark annealing step at 250°C for 40 min [20] . How the dark annealing affects the regeneration kinetics and dynamics [12] needs to be further assessed in the future work. Then the samples were subjected to light soaking under 3-4 suns, to reach State B. The illumination was provided by a halogen lamp, and the intensity was measured by a reference cell [36] . The temperature of the samples was controlled below 45°C. We observed that it took 1-2 days for the lifetime of the samples from lower solidified fractions to saturate, and 7-8 days for those from higher solidified fractions. To ensure that all the samples went through the same illumination and thermal history, we fixed the time length of the light soaking step as 8 days for all the samples. No recovery of lifetime was observed on any samples at this stage. The lifetime after light soaking was measured, and denoted as τ degraded .
We then measured three groups of regeneration data:
Group 1: the doping-dependent group
The first group contains one sample at each g value in Table 1 . The temperature of the sample during the regeneration was controlled at 180 ± 5°C on a hotplate. The illumination intensity was 10.5 ± 1 suns, measured by a reference cell and provided by a broadband halogen lamp. The uncertainties in the temperature are introduced by the non-uniform heating by the halogen lamp.
Group 2: the I-dependent group
Group 2 contains 4 samples from g = 0.74 of the ingot. They were regenerated at 180 ± 5°C, under 1 sun, 2 suns, 4.5 suns, and 93 suns, respectively. The three lower illumination intensities were provided by the halogen lamp. The 93-sun illumination was provided by a 938 nm laser, with 57 kW/m 2 illumination intensity [14] . The photon flux was equivalent to 93 suns, based on the reference spectrum ASTM G173 [36] .
Group 3: the temperature (T)-dependent group
Group 3 contains another 5 samples from g = 0.74 of the ingot. They were regenerated under 10.5 ± 1 suns, at 155 ± 5°C, 195 ± 5°C, 228 ± 6°C, 244 ± 6°C, 264 ± 5°C, respectively. The temperatures were measured on the samples under illumination. The uncertainties are mainly due to the non-uniform heating by the lamp. In the results and discussion, the sample from g = 0.74 from Group 1 is also included in this group and Group 2.
For all the samples, we measured the regeneration kinetics until the lifetime saturated. The saturated lifetime is denoted as τ regenerated . A stability test was performed after regeneration, under 3-4 suns at < 45°C for 8 days. The lifetime after the stability test τ stable was measured.
For each sample from g = 0.74 (from all 3 groups), the same illuminated annealing (same I, T and time) and measurements were performed on a non-compensated Cz control sample to monitor the change in the background lifetime.
Data analysis

Kinetics
The relative defect concentration at time t is
with the lifetime extracted at Δn = 0.3n 0 (or 0.3p 0 for the p-type sample) The relative defect concentrations during regeneration were then fitted with
where C i is a constant and R regen is the regeneration rate [4] .
Dynamics
The concentrations of the three states after regeneration can be calculated with the lifetime measured at several key time points. During the stability test, States B and C do not change, while State A will turn to State B. So the concentration of State A after regeneration can be calculated as
After the regeneration, only State B is recombination-active, thus it can be obtained as
B regenerated background (4) There are fewer defects that are activated during the stability test, than during the initial light soaking step, due to the regenerated fraction. Therefore
The fraction occupied by State i (i = A, B, C) is
The analogous * N A and * N B in the control samples can also be calculated. * N A and * N B in the control samples indicate the change in the background lifetime during the stability test, and during the light soaking step and regeneration, respectively. The change in the background lifetime of the control wafers is mainly due to the instable surface passivation during the processes [37] . We assume that the background lifetimes of both the experimental sample and the corresponding control sample have been through the same changes during the processes. We note that the validness of this assumption could be complicated by the dopant and carrier density dependent degradation of background lifetime in different wafers [37] . In order to evaluate this effect in the experimental samples, the analogous fractions f control (A) and f control (B) were calculated using * N A and * N B in the control samples, and the average value of ∑ * N i in the samples from g = 0.74. 
Results and discussion
4.1. Group 1: the doping-dependent group Fig. 2 shows the regeneration kinetics of Group 1, and the fitting of the extracted relative defect concentration. The fitted regeneration rates are shown in Fig. 3 , as a function of net doping. To increase the comparability of different samples, we corrected R regen assuming that
−0.8 [38] , and that R regen ∝Δn average [39] , as shown in the open squares in Fig. 3 . The linear dependence of R regen on Δn average will be further discussed in 4.2. As the injection level increases during the regeneration under fixed illumination intensity, the average value Δn average of the lowest and highest injection levels was used [38, 39] . The lowest and highest injection levels were estimated using τ degraded and τ regenerated (measured at room temperature) respectively. As shown, the corrected regeneration rates are quite similar in the n-type samples with different doping levels. This is different to p-Si, where the regeneration rate was found to decrease with increasing total dopant concentration [4, 38] . This finding agrees with Ref. [4] , which reported an approximately constant value of R regen in n-type samples with different doping levels. However, in that work the regeneration was found to be unstable/incomplete. The occupation of the three states after regeneration is shown in Fig. 4 , as a function of the net doping. The completeness of the regeneration is f(C). It is 97% in the p-type sample, 91%-96% in the ntype samples with n 0 ≤ 1 × 10 16 cm
, and 80%-90% in those with n 0 > 1 × 10 16 cm
. The regeneration is more complete in comparison with Ref. [30] , especially in the samples with n 0 > 1 × 10 16 cm −3
. The higher completeness in this work could be attributed to the higher regeneration temperature applied, and more stable silicon nitride films [30] , which will be further discussed in the following sections. Fig. 4 also shows that the incompleteness is dominated by the occupation of State A, which increases with increasing [P]- [B] . However, because the data in this group are not corrected with control samples, other effects such as the degradation of surface passivation could be included into the fractions of the states [37] .
The kinetics in Group 2
Fig . 5 shows the second group of the regeneration kinetics, and the fitting of relative defect concentrations. The five samples have similar lifetimes after dark annealing, and after light soaking. The evolution of the lifetime showed two-stage kinetics in all of the samples. In the first stage, an initial "quasi steady state" was reached, which is dominated by the transitions between State A and State B. This happened because the samples were degraded at < 45°C under 3-4 suns, but then brought under the regeneration conditions at 180°C under 1-93 suns. The lifetime increased under 1-10 suns due to the deactivation (B to A) of some BO defects caused by the elevated temperature. We can see that a higher illumination intensity favours State B, due to the quadratic dependence of the activation rate (k AB ) on the injection level in n-Si [17, 20] . The second stage is dominated by the regeneration (B to C). Note that in theory [40] , the possible state transitions (A↔B and B↔C) occur simultaneously during the regeneration. The two stages could be observed mainly because different transitions are dominant over different time scales, due to the difference in the reaction rates (k AB , k BA ; k BC , k CB ).
The fitted regeneration rates are shown in Fig. 6 , as a function of the illumination intensity and injection level. For the 93-sun illumination intensity, the injection level during the regeneration was significantly higher than the injection range where the lifetime was measured. The lower limit of the injection level was then simply taken as the highest measured injection level in τ degraded . The higher limit was calculated using the injection-dependent Auger recombination lifetime [41] . We then fitted the injection-dependent regeneration rate to a power law equation R regen = C 3 Δn ᵞ . The fitted power γ is in the range of 1.1-2.3, with an optimal value of 1.2. This suggests that R regen is proportional to Δn in n-Si. The same dependence was observed in p-Si in Ref. [39] .
The kinetics in Group 3
Fig . 7 shows the regeneration kinetics of Group 3, and the fitting of relative defect concentrations. Similar to Group 2, two-stage regeneration kinetics were observed on all the samples. In the first stage, a higher temperature favours State A over State B, indicating that k BA has a stronger dependence on the temperature than k AB under fixed illumination intensity [40, 42] . The fitted regeneration rates are shown in Fig. 8 . As the completeness is significantly reduced at those high temperatures (which will be discussed in 4.5), large uncertainties are expected in the fitted regeneration rates in this group. It is also difficult to estimate the uncertainties as both the transitions to State A and to State C result in lifetime increase during the regeneration, yet they cannot be distinguished in the kinetics analysis [4, 30] . Fitting the four lower-temperature data points with the Arrhenius equation gives an activation energy of 1.2 eV. The uncertainties in the fitted regeneration rates introduced by the uncertainties in the regeneration temperature (due to the non-uniform heating by the lamp) were estimated using this activation energy, and are shown in the error bars in the vertical direction in Fig. 8 . It is not easy to do the same estimation for the data in Groups 1-2 as the activation energy was found to depend on the illumination intensity and may also on the doing level and compensation level [38] . Fig. 9 shows the regeneration kinetics measured on the control samples. The change of the effective lifetime is mainly due to the degradation and activation of the SiN x :H films during illumination or annealing [37] . The firing step at 600°C should not have created significant defects that are responsible for the light-and elevated temperature-induced degradation (LeTID) in these control samples [43] . The change in the background lifetime should not have significant effects on the defect kinetics analysis because: 1) the lifetime of the experimental samples varies in the 70-800 μs range, whilst the lifetime of the control samples varies in the 800-1800 μs range. Therefore the change in the background lifetime does not significantly affect the changes in the extracted * N t . 2) * N t could be affected when it becomes lower near the end of the regeneration. However, the lower-concentration data points are less important in fitting R regen , because the sum of squared absolute deviations is minimized in the fitting.
The control samples
However, the changes in the background lifetime do affect the dynamics analysis, mainly because several lifetimes (τ background , τ regenerated , and τ stable ) used in the dynamics analysis were measured when the sample contained the lowest active defect concentrations.
The dynamics in Groups 2 and 3
In Fig.s 10 and 11 , we plot the fractional state occupations in Groups 2 and 3, together with f control (A) and f control (B). The three states are discussed as follows:
State A: As f(A) is always higher than the corresponding f control (A), the fractional occupation of State A can be corrected as f(A)-f control (A), to get rid of the effects of background lifetime change. We can see that the incompleteness is dominated by the occupation of State A in most samples. It decreases with increasing I or decreasing T. This agrees with the theoretical model [14, 40] : the illumination increases both k AB and k BC , thus decreasing State A; the temperature increases k BA more than k AB , and also increases k CB more than k BC , thus increasing State A. However, we note that the corrected fraction of State A only decreases 2% when the illumination increases from 1 sun to 93 suns ( Fig. 10(a) ). It could lie within the measurement error. State B: f(B) is always very similar to f control (B) as shown in the Fig.s , meaning that an unambiguous occupation by State B after regeneration cannot be concluded. The only exception is the sample regenerated at 150°C: f(B) is much higher than f control (B). A similar scenario was observed in Ref. [30] : during regeneration under 1 sun at 110°C, the lifetime saturates at a value where * N t is well above 0. The reason could be: 1) a longer regeneration time is required for a more complete reaction; or 2) the background lifetime starts to degrade (as shown in Fig. 10) , which compensates or even overcomes the bulk lifetime increase due to further regeneration of BO defects. Those reasons could potentially explain the lower completeness of regeneration observed in Ref. [30] : 1) the regeneration was conducted at a low temperature 110°C, which significantly slows down the kinetics and prolongs the regeneration time; 2) The SiN x :H films are less stable in Ref. [30] , as significant degradation of the background lifetime was observed under 1 sun at 145°C in less than 6 h [30] .
State C: This is the regenerated BO defect state, representing the completeness of regeneration. As the background lifetime degradation is also included in the incompleteness (States A and B), the actual completeness should be higher than f(C) shown in the figures. The completeness is very similar in samples in Group 2, in the range of 85-90%. In Group 3, similar completeness is achieved at 180-230°C, but is reduced at lower or higher temperatures, due to the occupation of State B or State A, as discussed above.
The presence of the control samples has made the conclusions more reliable. Without them, f(A) and f(B) are likely to be overestimated and f(C) underestimated. Now we consider the dynamics in Group 1 based on the theoretical model [14, 40] . As shown in Fig.s 10 and 11 , f(A) in the control samples under various conditions is always below 5%. It indicates that, the increasing trend of f(A) with n 0 observed in Group 1 is unlikely Fig. 8 . The regeneration rate as a function of temperature. dominated by the background lifetime effects. Fig. 12 shows the reaction rates of all 4 possible state transitions during regeneration [40] . They are explained as follows: As shown in the figure, for all the samples, k AB,FRC , k AB,SRC » k BA , and k BC » k CB . This means that the two backward reactions B→A and C→B could be neglected during the regeneration. As the estimated activation rates are quite similar in those samples, the most likely reason for the less complete transition to State C in higher-doped samples could be the lower regeneration rate k BC .
In addition, we note an inconsistency between the experimental results and the theoretical model: the comparison between f(A) and f (B). In most samples, we have found f(A) > f(B). However, based on the theoretical model [40] , for State A to achieve the final steady state, the following equation must be fulfilled
This gives * N B » * N A if k AB » k BA , as shown in Fig. 12 . The most probable reason is the overestimation of the activation rates at 180°C: 1) the activation energy for activating the BO defects was obtained at a lower temperature range (< 130°C) [3, 20] . It may be less accurate for applications at higher temperatures. 2) the effective lifetime during regeneration could be very different from that measured at room temperature [46, 47] , which results in uncertainties in the estimated injection levels. The possible overestimation of the activation kinetics of BO defects in compensated n-Si was also discussed in Ref. [24] . Unfortunately, a more accurate estimation of the activation rates at high temperatures cannot be given based on the current data in this study.
Conclusions
In conclusion, we have examined the effects of doping level, illumination intensity and temperature on the regeneration kinetics and dynamics of BO defects in compensated n-Si. The application of high illumination intensities at around 200°C was identified as the optimal condition for rapid and complete regeneration.
Under the same regeneration condition, the regeneration rate R regen remains almost constant in differently-doped n-type samples, after being corrected with [O i ] and average injection level. A linear dependence of R regen on the average injection level during regeneration was concluded, in agreement with studies using p-Si.
A significant improvement in the regeneration completeness was achieved compared with previous studies [4, 26, 30] , especially in the samples with n 0 > 1 × 10 16 cm −3 . 180-230°C was identified as the optimal temperature range to maximize the regeneration completeness under 10 suns. At 180°C, a quite similar completeness was achieved under 1-93 suns. For all regeneration conditions investigated in this work, the incompleteness is dominated by the occupation of the annealed state in almost all the samples. The occupation of the annealed state was found to increase with increasing temperature, and may decrease with increasing illumination intensity. The agreement and disagreement between the experimental findings and the theoretical model in Refs. [14, 39] were discussed. 1) A→B, with the rate k AB,FRC for the fast forming recombination center, and k AB,SRC for the slowly forming recombination center, calculated based on Ref. [20] . Note that we are only using this two recombination center model to calculate the activation rates. We note that there are other defect models [44, 45] contradicting this model. However, the contradiction is mainly on the understanding of the defect instead of the activation kinetics data. 2) B→A, with the annihilation rate k BA . The annihilation rates in a set of samples with similar doping levels as those in this study were measured at 200°C in Ref. [4] . The rates were corrected to 180°C using the activation energy 1.3 eV in Refs. [2, 3] . 3) B→C, with the regeneration rate k BC . When the regeneration starts with State B, and is conducted at a temperature range where the forward reaction rate dominates the reaction, k BC = R regen (the fitted reaction rate from the measured kinetics). This is valid for the samples in Group 1. 4) C→B, with the destabilization rate k CB . We measured this rate in samples from Group 1 with the following procedure: 1) after regeneration and stability test, each sample was dark annealed at 180°C for some time. 2) Then the sample was subjected to a stability test, after which the lifetime was measured and the destabilized defect concentration during the annealing could be determined. 3) Steps (1) and (2) were repeated to collect 5 points for each sample. 4) Then the kinetics were fitted with a single exponential relation [12] to extract the k CB .
